Acquired immunodeficiency syndrome (AIDS) has been a global pandemic threatening health of people. According to the UNAIDS report, Over 60 million people around the world were infected with HIV and 25 million deaths have occurred[@b1]. HIV-1 and HIV-2 are two etiological causative agents of AIDS. HIV-1 is observed in worldwide, while HIV-2 is more prevalent in West Africa[@b2][@b3][@b4]. However, the patients infected by HIV-2 are slowly and persistently increasing in other parts of the world[@b5][@b6]. Currently, an alert trend of cross-infections of HIV-1 and HIV-2 is increasingly spreading[@b7], but no drugs have been designed specifically targeting HIV-2.

HIV-1 protease (PR1) and HIV-2 protease (PR2) play an important role during maturation of infectious AIDS virus. PR1 and PR2 share about 50% sequence identity and very similar overall structure[@b8][@b9][@b10][@b11][@b12][@b13]. Currently, there are 10 U.S food and drug administration (FDA)-approved PR1 inhibitors (PIs). These PIs can competitively bind in the active-site cavity of PR1 and block hydrolysis of the viral Gag and Gal-Pol polyproteins, resulting in immature and noninfectious virions. Due to the lacks of drugs specially targeting HIV-2, PIs have been used in therapy for patients infected by HIV-2 and show lower efficiency and weaker inhibition of PR2 compared with that of PR1[@b14][@b15][@b16][@b17][@b18]. The previous studies indicate that the wild-type PR2 sequence harbors multiple substitutions related with multi-drug resistance and cross-resistance of HIV-1 on current PIs[@b19]. The presence of these resistance mutations in PR2 suggests that the development of potent new drugs specially targeting PR2 is essential in treatment of HIV-2 infections.

Understanding the origin of decrease in potency of PIs against PR2 compared to PR1 is beneficial for designs of potent PR2 inhibitors. Although many experimental works and computational studies have been performed to probe interaction mechanisms of inhibitors with PR1 and drug resistance of PR1[@b9][@b20][@b21][@b22][@b23][@b24], researches on binding modes of PIs to PR2 are still fewer. Tie et al. solved the crystal structure of PR2 with clinical inhibitor amprenavir (APV) at 1.5 Å resolution to identify structural changes associated with the lower inhibition[@b25]. Kovalevsky et al. obtained the crystal structures of PR2 complexes with inhibitors darunavir (DRV), GRL98065 and GRL06579A to analyze the molecular basis for antiviral potency[@b11]. Kar et al. applied MD simulations and binding free energy calculation to investigate the binding modes of DRV, GRL98065 and GRL06579A to PR1/PR2 and revealed the origin of the decrease in binding affinity[@b26]. Recently, Brower et al. also assessed the effectiveness of currently FDA-approved PIs against the PR2 and they observed a decrease in potency for PR2 compared to PR1 by factors ranging from 2 to 80[@b27]. Thus further clarification of interaction mechanism of PIs with PR1/PR2 help to develop dual-inhibitors treating cross-infection of two type HIV.

In this study, two inhibitors Darunavir (DRV) and amprenavir (APV) were selected to probe distinct effects of inhibitor bindings on PR1 and PR2. DRV was designed to target drug-resistant PR1 by forming more hydrogen bonds with main-chain PR atoms compared to older PIs and its structure was shown in [Figure 1A and B](#f1){ref-type="fig"}[@b28][@b29]. DRV showed 17-fold decreased inhibition for PR2 compared to PR1[@b27]. APV is a potent inhibitor and efficiently inhibits the activity of PR1 ([Figure 1C and D](#f1){ref-type="fig"}), but some mutations (V32I, I47V and V82I) in PR2 produce natural resistance to APV. Thus it is significant to study the difference in binding abilities of inhibitors to PR1/PR2 and conformational changes of PR1/PR2 induced by PI bindings at atomic level for designs of potent PR2 inhibitors.

Recent studies have shown that molecular simulations have been an important tool to study inhibitor-protein interactions, protein folding, and other important properties of proteins[@b30][@b31][@b32][@b33][@b34][@b35][@b36][@b37][@b38][@b39][@b40][@b41][@b42][@b43][@b44][@b45][@b46][@b47][@b48][@b49]. In this work, MD simulations and MM-PBSA method[@b50][@b51][@b52] have been adopted to quantitatively study the mechanism underlying the bindings of DRV and APV to PR2 and clarify the origin of decrease in potency of these two inhibitors against PR2 relative to PR1. At the same time, cross-correlation analysis and PC analysis were also performed to probe the difference in internal dynamics and conformational changes of PR2/PR1 induced by inhibitor binding. This study can not only reveal the molecular basis of lower inhibition of inhibitors against PR2, but also provide significant dynamical information for designing potent dual inhibitors inhibiting the activities of PR1 and PR2.

Results
=======

Stability and flexibility of the PR1/PR2-inhibitor complex
----------------------------------------------------------

To evaluate the reliability of MD simulation equilibrium, the root mean square deviation (RMSD) of the backbone atoms relative to the corresponding crystal structure during simulations were computed and plotted in [Figure 2A](#f2){ref-type="fig"}. It is shown that four simulated systems have reached equilibrium after 20 ns simulation. The average RMSD of the backbone atoms after the equilibrium are 1.12, 1.33, 1.07 and 1.21 Å for the DRV-PR2, APV-PR1, DRV-PR1 and APV-PR2 complexes, respectively. All RMSD deviations from the mean value are lower than 0.69 Å. Thus, the equilibrium of MD simulation is reliable. The result also indicates that the fluctuations of four systems from their corresponding crystal structures are similar.

Root mean square fluctuation (RMSF) of C~α~ atoms may provide direct insights into the structural fluctuation and flexibility of different regions in PR1 and PR2. The RMSF values of C~α~ atoms in individual residues of PR1 and PR2 are calculated and shown in [Figure 2B](#f2){ref-type="fig"}. As revealed in [Figure 2B](#f2){ref-type="fig"}, the residues near the catalytic D25/D25′ present a high degree of rigidity in PR1/PR2, which is expected, as the catalytic function of these residues presumably requires a well-defined stable three dimensional structure. However, the regions around the residues 38(38′), 50(50′) and 84(84′) in PR2 produce bigger flexibility relative to the corresponding regions of PR1. Previous studies have proved that the above regions in PR2 have three key mutations V32I, I47V and V82I[@b11][@b53]. These mutations may induce the flexibility changes in PR2 and the difference in binding abilities of inhibitors to PR2 relative to PR1, and this result basically agrees with the study from Kar et al.[@b26].

Cross-correlation analysis
--------------------------

To further probe the difference in internal dynamics of PR1/PR2 induced by inhibitor bindings, cross-correlation matrices of the C~α~ atom fluctuations after equilibrium of MD simulations were calculated using the Ptraj program in Amber 12 and plotted in [Figure 3](#f3){ref-type="fig"}. Highly positive regions (red and yellow) and negative ones (dark blue) represent strong correlated motion and anti-correlated movement, respectively. Overall, inhibitor binding induce obvious anti-correlated motions in PR1/PR2, but very few highly correlated movements are observed except for the diagonal regions, which describes the correlation of a residue relative to itself.

In the case of the DRV-PR1 and APV-PR1 complexes, inhibitor binding produce similar correlated motion in PR1. Except for the diagonal parts, obvious correlated motions (red and yellow) are found in the regions R1 and R2 ([Figure 3A and B](#f3){ref-type="fig"}). The region R1 reflects the correlated motion of the residues 60--90 relative to the residues 10--30, while the region R2 indicates the one of the residues 60′--90′ relative to 10′--30′. Compared to the DRV-PR1 and APV-PR1 complexes, inhibitor bindings induce different dynamics behavior in PR2. Firstly, inhibitor binding not only lead to the decrease in correlated motions of the diagonal regions in PR2 relative to PR1, but also the disappearance of the correlated motions in the region R1 and R2 of PR2. Secondly, the anti-correlated motions of the regions R3 and R4 from PR2 are obviously strengthened by two inhibitor bindings. For the region R3, the anti-correlated motion occurs between the residues 30--60 of chain A and the residues 5′--90′ of chain B, while the region R4 reflects the anti-correlated motion of residues 78--95 relative to 40′--80′. Based on the C2 symmetry of PR2, the analysis of chain B is similar. The difference in motion modes induced by inhibitor bindings may owe to the one in sequence of PR1 and PR2, which involve three key mutations V32I, I47V and V82I. The above analyses agree well with the previous RMSF fluctuations.

Principal component analysis
----------------------------

In this work, concerted motions in PR1/PR2 were investigated by performing PC analysis on MD trajectory. [Figure 4](#f4){ref-type="fig"} shows a plot of eigenvalues obtained from the diagonalization of the covariance matrix of atomic fluctuations, plotted in decreasing order versus the corresponding eigenvector indices for PR1/PR2. The first few eigenvalues correspond to concerted motions that quickly reduce in amplitude to reach a large number of constrained, more localized fluctuations. The first six principal components account for 57.9%, 55.6%, 53.4% and 49.6% of the motions observed after the last 40 ns of the trajectories for the APV-PR1, DRV-PR1, DRV-PR2 and APV-PR2 complexes, respectively.

Comparing the four studied systems, one can see that the first few eigenvalues of PR2 complexed with two inhibitors are lower than the ones of PR1. This result indicates that the properties of the motions described by the first few principal components are not the same for PR1 and PR2.

To qualitatively understand the effect of inhibitor bindings on the dominant motion of each residue in every system studied here, the dominant movements defined by the first eigenvector are obtained by performing the PC analysis on the MD trajectory and depicted in [Figure 5](#f5){ref-type="fig"}. As seen in [Figure 5](#f5){ref-type="fig"}, inhibitor bindings produce the most significant effect on the flap region and β strands in the top of PR1/PR2. An interesting phenomenon can be noted that the flap regions and β strands in PR1 move away from each other ([Figure 5A and B](#f5){ref-type="fig"}), which tends to make the flaps open. However for the PR2, different dynamics behavior occurs in the flaps and β strands. In the case of the DRV-PR2 complex, the flaps and β strands run close to each other, and for the APV-PR2 complex, the flaps and β strands move towards to the active sites. Both of the above two motion modes in PR2 tend to make the flaps close. The previous studies proved that one key mutation (I47V) harbors in the flaps and β strands of PR2[@b11][@b53], which may be responsible for the difference in the motion modes of the flaps between PR1 and PR2.

Flaps dynamics of PR1 and PR2
-----------------------------

Based on the significant effect of inhibitor binding on the flap regions of PR1/PR2, the flap dynamics are further studied by using the Ptraj module in Amber and the results were displayed in [Figure 6](#f6){ref-type="fig"}. The distance between the two C~α~ atoms of I50 and I50′ measures the distance between flap tips in both chains. [Figure 6A](#f6){ref-type="fig"} shows the frequency distribution for the tip-tip distance of the flaps. Higher peak values are located in 5.8, 5.9, 6.2 and 7.6 Å for the APV-PR2, DRV-PR2, DRV-PR1 and APV-PR1 complexes, respectively. The tip-tip distances of PR1 are larger than that of PR2, which suggests that there is an open movement of flaps in PR1 compared to PR2 and probably makes the active site volume bigger. This result is in agreement with the previous PC analysis.

The distances between the flap tips (I50Cα and I50′Cα) and the catalytic aspartates (D25Cα and D25′Cα) are also measured from the MD trajectory and their frequency distributions are shown in [Figure 6B and C](#f6){ref-type="fig"}. According to [Figure 6B](#f6){ref-type="fig"}, one can see that the higher peak values of four systems are distributed in 14.6, 14.6, 14.7 and 14.4 Å for the APV-PR2, DRV-PR2, DRV-PR1 and APV-PR1 complexes, respectively, which suggests that inhibitor bindings hardly produce obvious effect on the distance between I50Cα and D25Cα. [Figure 6C](#f6){ref-type="fig"} gives the frequency distribution of the distance between I50′Cα and D25′Cα. Higher peak values of the APV-PR2 and DRV-PR2 complexes are located in 13.9 and 14.4 Å, respectively, while the higher peak values of the DRV-PR1 and the APV-PR1 complexes are in 14.7 Å. This result shows that the distance between I50′Cα and D25′Cα in PR2 is lower than that in PR1, which suggests that the active site volume of PR2 become smaller. The study from Meher et al. also proves that the mutation I50V of PR1 results in the decrease of the distance between I50′Cα and D25′Cα[@b21], which basically agrees with our studies here.

To explain the flap dynamics behavior of proteins, Schiffer et al. introduced the term flap curling of the TriCα angles involving the residues in the flap tip or nearby region to study the opened and closed states of PR1[@b54]. In this work, the TriCα angle of the residues G49-I50-G51 is used to probe the flap curling. [Figure 6D](#f6){ref-type="fig"} depicts the frequency distribution of the TriCα angle (G49-I50-G51). Analyzing this frequency distribution plot, it is found that the distribution of the angle for PR1 and PR2 overlaps partly. However, the PR2 distribution shows a difference compared to PR1. The peak values of the TriCα angle distribution for the APV-PR2 and DRV-PR2 complexes are in 131.1° and 115.5°, respectively, while the ones for the APV-PR1 and DRV-PR1 locate in 105.2° and 91.0°, respectively. This result indicates that the flap region in PR2 has a higher mobility than in PR1, which basically agrees with the previous RMSF and cross-correlation analyses. The reason led to this result may be the conformation change induced by the mutation V47I in PR2.

Analysis of binding free energy
-------------------------------

To clarify the origin of decrease in potency of inhibitor bindings to PR2 relative to PR2 from viewpoint of energy, binding free energies were calculated using MM-PBSA method based on 200 snapshots extracted from the last 40 ns of MD trajectory at an interval of 200 ps. [Table 1](#t1){ref-type="table"} gives the binding free energies of DRV and APV to PR1/PR2. The corresponding binding free energies are −15.8 and −14.2 kcal·mol^−1^ for PR1, and −14.6 and −12.5 kcal·mol^−1^ for PR2, respectively. It is observed that the rank of our predicted binding free energies is in agreement with the experimentally determined one. Also, each inhibitor binds less strongly to PR2 than PR1, again in accordance with the experimental data. The above results suggest that the current energy analysis performed by MM-PBSA method is reliable.

As seen in [Table 1](#t1){ref-type="table"}, the contributions favoring inhibitor bindings are those from the van der Waals interaction (ΔE~vdw~) and nonpolar interaction (ΔG~nopol~) of inhibitors with PR1/PR2. Although the electrostatic interaction (ΔE~ele~) between inhibitors and PR1/PR2 is also favorable for inhibitor bindings, this favorable force is completely screened by the stronger polar solvation energies (ΔG~pol~) unfavoring inhibitor bindings. Additionally, the entropy changes (−TΔS) depending on inhibitor associations also weaken the bindings.

According to [Table 1](#t1){ref-type="table"}, the polar interactions (ΔG~ele+pol~) of two inhibitors with PR2, including the electrostatic interactions and polar solvation energies, hardly change compared to the one of inhibitors with PR1. The nonpolar interactions of inhibitors with PR1/PR2 range from −6.8 to −7.0 kcal·mol^−1^. Also, [Table 1](#t1){ref-type="table"} indicates that the binding free energies of PR2 to DRV and APV are decreased by 2.1 and 5.7 kcal·mol^−1^ relative to the one of PR1 to DRV and APV, respectively. Furthermore, the entropy changes of PR2 induced by inhibitor bindings are lower than the values for PR1. Thus, the origin of decrease in potency of two inhibitors against PR2 compared to PR1 arises from the decrease in the van der Waals interactions of DRV and APV with PR2. This result basically agrees with the experimental studies from Kovalesky and Tie et al[@b11][@b53].

Analysis of van der Waals interactions
--------------------------------------

To further probe the origin of the decrease in van der Waals interactions, the van der Waals interactions between two inhibitors and each residue in PR1/PR2 were calculated by using the following equation in Amber force field: the parameters *A~ij~* and *B~ij~* come from the Amber ff99SB force field. Ding et al. have used this equation and quantum mechanics calculation to probe the interaction mechanism of p53 with MDM2 and got impressive results[@b55].

[Figure 7](#f7){ref-type="fig"} gives the difference between the van der Waals interactions of two inhibitors with each residue in PR2 and in PR1. [Figure 8](#f8){ref-type="fig"} and [9](#f9){ref-type="fig"} depict the geometrical positions of three mutated residues relative to the key hydrophobic groups of two inhibitors based on the lowest-energy structure from MD trajectory. As shown in [Figure 7A](#f7){ref-type="fig"}, the van der Waals interactions of the mutated residues V32I, I47V, V32′I and I47′V in PR2 with DRV are decreased by 0.49, 0.86, 0.69 and 0.26 kcal·mol^−1^ compared to PR1, respectively. This result agrees well with the structural descriptions in [Figure 8A, B, E and F](#f8){ref-type="fig"}. By comparisons of [Figure 8E and F](#f8){ref-type="fig"} with [Figure 8A and B](#f8){ref-type="fig"}, it is found that the distances of the key carbon atoms between these four mutated residues in PR2 and the aniline and bis-THF of DRV are increased, which in turn weaken the CH-π interactions of the alkyls in four mutated residues with the aniline and bis-THF. Additionally, the van der Waals interactions of the residues I50 and D29′ in PR2 with DRV are also reduced relative to PR1. [Figure 7A](#f7){ref-type="fig"} suggests that the mutation V82I strengthens the van der Walls interaction with DRV, which is in agreement with the shortened distance between the carbon atoms in phenyl of DRV and the alkyl of V82I in PR2 ([Figure 8C and G](#f8){ref-type="fig"}). By comparing [Figure 8H to D](#f8){ref-type="fig"}, one can see that the distances between the carbon atoms of the alkyls in V82′I of PR2 and DRV are reduced, which correspondingly produces an increase of 0.47 kcal·mol^−1^ in the van der Waals interactions. In addition, the van der Waals interactions of the residues G48, D30′ and G49′ in PR2 with DRV are also strengthened compared to PR1 ([Figure 7A](#f7){ref-type="fig"}).

According to [Figure 7B](#f7){ref-type="fig"}, it is observed that the van der Waals interactions of I47V, V32′I and V82′I in PR2 with APV are decreased by 1.42, 1.37 and 0.49 kcal·mol^−1^ relative to PR1, respectively. This result agrees well with the increase in the distances of the carbon atoms between the alkyls of I47V, V32′I and V82′I in PR2 and the hydrophobic groups in APV ([Figure 9](#f9){ref-type="fig"}). At the same time, the van der Waals interactions of the residues I50, P81, I83, G27′ and P81′ in PR2 with APV are also weakened relative to PR1 ([Figure 7B](#f7){ref-type="fig"}). As shown from [Figure 7B](#f7){ref-type="fig"}, the residues involving the increase of the van der Waals interaction in PR2 are V32I, V82I, D29′, D30′ and I84′ compared to PR1. By comparing [Figure 9E and G](#f9){ref-type="fig"} to [Figure 9A and C](#f9){ref-type="fig"}, it is found that the distance of the carbon atoms between the alkyls of V32I and V82I in PR2 and the hydrophobic groups (the aniline and Phenyl) of APV are obviously shortened, which correspondingly strengthens the van der Waals interactions of V32I and V82I with APV. The above studies are in accordance with the experimental results from Kovalevsky and Tie et al.[@b11][@b53].

Hydrogen bonding interactions
-----------------------------

In order to further investigate the effect of three mutated residues on the interaction net near them, hydrogen bonding (HB) interactions are analyzed by using the Ptraj module in Amber and the results are listed in [Table 2](#t2){ref-type="table"} and [3](#t3){ref-type="table"}. [Table 2](#t2){ref-type="table"} lists the inter-residue hydrogen bonds (only chain A) and [Table 3](#t3){ref-type="table"} gives the hydrogen binding interactions between inhibitors and residues. According to [Table 2](#t2){ref-type="table"}, the mutated proteases (PR2) present less frequent HB interactions between residues. It is also observed that the hydrogen bond interactions located in the flaps are mostly affected due to the mutation. This result indicates that the mobility of the flap tips in PR1/PR2 is significantly affected via the changes of interflap hydrogen bonds. As seen from the occupancy in [Table 2](#t2){ref-type="table"}, those interactions in PR2 are highly reduced upon mutations relative to PR1 with an exception of the hydrogen bond Gly49′N-H...Ile50O. The previous RMSF and cross-correlation analyses prove that these hydrogen bonding interaction play an important role in the changes of structural flexibility and motion modes.

The HB analysis between two inhibitors and binding-cavity residues of PR1/PR2 ([Table 3](#t3){ref-type="table"}) reveals that multiple hydrogen bonds stabilize the inhibitor-PR structure. In particular, both DRV and APV are involved in several HBs with the PR\'s catalytic site, mostly with residues D25, D29 and D30′. Another hydrogen bonding interaction with the backbone G27′ appears in the APV-PR1/PR2 complexes. In general, it is noticed that the occupancy of HB interactions are diminished upon mutations in PR2 with two exceptions of the hydrogen bonds Asp25OD1(PR2)-inhibitor and Asp30′O(PR2)-inhibitor. These results reflect that the conformation changes induced by mutations in PR2 may result in the alternation of HB interactions. Mutations that confer major resistance in PR1, such as G48V, L63P and I84V weaken or do not present these interactions[@b46], which basically agrees with our studies here.

Discussion
==========

[Table 1](#t1){ref-type="table"} shows that DRV and APV can produce weaker binding free energies to PR2 than to PR1. By comparing the components of binding free energies, it is observed that the reduction of the van der Waal interactions between inhibitors and PR2 provides a significant contribution to the decrease in potency of DRV and APV against PR2 compared to PR1.

The previous studies suggest that the wild-type PR2 sequence harbors multiple substitutions such as V32I, I47V and V82I[@b11][@b56]. Structurally, the mutations V32I and V82I increase the size of these two residues, and the mutation I47V decrease that of this mutated residue. The changes in the size of residues certainly induce the alternation of conformations and interaction nets near mutated residues ([Figure 7](#f7){ref-type="fig"},[8](#f8){ref-type="fig"},[9](#f9){ref-type="fig"}). For the DRV-PR1 and DRV-PR2 complexes, the mutations V32I, I47V, V32′I and I47′V in PR2 not only weaken their van der Waals interactions with DRV relative to PR1, but also induce the decrease in the van der Waals interactions of I50 and D29′ in PR2 with DRV. Similarly, in the case of the APV-PR1 and APV-PR2 complexes, the mutations I47V, V32′I and V82′I in PR2 result in the decrease of their van der Walls interactions with APV compared to PR1, moreover induce the reduction in the van der Waals interactions of the residues I50, P81, I83, G27′ and P81′ in PR2 with APV. Overall, the structural adjustment of the triple mutant induce the total decrease of the van der Waals interactions, which provides significant contributions to the reduction in binding free energies and is responsible for the decrease in potency of DRV and APV against PR2 relative to PR1.

The structural changes caused by the three mutations certainly produce important effect on the hydrogen bonding interaction near them. [Table 2](#t2){ref-type="table"} and [3](#t3){ref-type="table"} show that the triple mutant lead to the decrease in occupancy of most hydrogen bonds. Overall, the changes of the above van der Waals and hydrogen bonding interactions certainly affect the internal dynamics of PR1 and PR2. This result has been proved by our previous RMSF, cross-correlation and PC analyses.

In conclusion, the structural adjustment of the three mutated residues induces the decrease in the van der Waals interactions and occupancy of most hydrogen bonds. Moreover, the decrease in the van der Waals interactions drives the reductions in potency of DRV and APV against PR2 relative to PR1. The changes of interaction nets caused by the mutations strengthen the anticorrelated motions of mutated regions relative to the other parts in PR2 compared to PR1. Additionally, PC analysis suggests that inhibitor bindings tend to make the flaps of PR2 close, while let the flaps of PR1 open. This study can theoretically provide significant guidance and dynamics information for the design of potent dual inhibitors targeting HIV-1 and HIV-2 proteases.

Methods
=======

System setups
-------------

The crystal structures of the PR1/PR2 complexed with two inhibitors DRV and APV were obtained from the protein data bank (PDB): 3QOZ for the DRV-PR1 complex[@b11], 3EBZ for the DRV-PR2 complex[@b11], 3NU3 for the APV-PR1 complex[@b53] and 3S45 for the APV-PR2 complex[@b53]. There are alternate conformations in four crystal structures: conformation A and B, owing to the inconspicuous electron density of few residues in the inhibitor-PR1/PR2 complex, only the conformation A was selected as the initial model. Because of the importance of the protonation of D25/D25′ in the PR1/PR2, the monoprotonated state was assigned to the oxygen atom OD2 of Asp25′ in chain B using the program PROPKA[@b57][@b58]. All crystal water molecules in the crystal structure of the inhibitor-PR complex were kept in the initial model. All missing hydrogen atoms were added using the Leap module in Amber 12[@b59]. The proteins and water molecules were described by ff99SB force field[@b60]. The inhibitors were assigned generalized amber force field (GAFF) atom types[@b61] and AM1-BCC[@b62] atomic charges calculated using the antechamber module of Amber[@b63]. The AM1-BCC charge for atom was obtained by adding the bond charge correction (BCC) to a semiempirical quantum calculation of the molecular electron structure according to the Austin model 1 (AM1) population atomic charge[@b64]. Each system was solvated in a truncated octahedron box of TIP3P water molecules with a 12.0 Å buffer along each dimension[@b65]. An appropriate number of chloride ions were added to produce a neutral charge on the system.

Molecular dynamics simulations
------------------------------

For each system, energy minimizations and MD simulations were carried out using the Sander module in Amber12 program. To remove bad contacts between atoms, each system was subject to energy minimizations in two stages. Firstly, the water molecules and counterions were minimized by restraining the complex using a harmonic constraint of a strength of 100 kcal·mol^−1^·Å^−2^. Secondly, all atoms were energy-minimized without restriction. And each stage was performed using the steepest descent minimization of 1000 steps followed by a conjugate gradient minimization of 2000 steps. Then, the system was heated from 0 to 300 K in 500 ps and equilibrated at 300 K for another 500 ps. Finally, 80-ns MD simulation without restriction was conducted at constant pressure and 300 K, and the coordinates were saved every 2 ps. During MD simulations, the SHAKE method was applied to constraint the covalent bonds involving hydrogen atom[@b66]. The Particle Mesh Ewald (PME) method was adopted to treat the long-range electrostatic interactions[@b67][@b68]. The cutoff distances for the long-range electrostatic and van der Waals interactions were set to 10.0 Å.

Principal component analysis
----------------------------

PC analysis is an important tool for probing conformation change of proteins. In this paper, the Ptraj module[@b69] of the Amber software tool was used for PC analysis. Correlated motions were studied by the cross-correlation calculations based on dynamics trajectory, and the cross-correlation coefficient *c~ij~* for each pair of *C~α~* atoms *i* and *j* were obtained by the following equation. where Δ**r***~i~* is the displacement from the mean position of the *i*th atom, and the angle bracket represents the time average over the equilibrated trajectory. Furthermore, the collective motions of PR1/PR2 were also studied by using the positional covariance matrix *C* constructed based on atomic coordinates and its eigenvectors[@b70]. The elements of the positional covariance matrix *C* were determined by the equation as following. in which *q~i~* is the Cartesian coordinate of the *i*th C~α~ atom, and *N* is the number of C~α~ atom considered. The average is calculated over the equilibrated trajectory after superimposition on a reference structure to remove overall translations and rotations by using a least-square fit procedure[@b71][@b72][@b73]. The matrix *C* is symmetric and can be diagonalized by an orthogonal coordinate transformation matrix *T*, which transforms the matrix *C* into a diagonal matrix Λ of eigenvalues *λ~i~*: in which the columns represent the eigenvectors corresponding to the direction of motion relative to \<*q~i~*\>, and each eigenvector associated with an eigenvalue that describes the total mean-square fluctuation of the system along the corresponding eigenvector.

MM-PBSA method
--------------

Binding free energies of inhibitors to PR1/PR2 were calculated using MM-PBSA program in Amber 12[@b51][@b52][@b74]. For each complex, 200 snapshots were taken from the last 40 ns of MD trajectory with an interval of 200 ps. In this method, the binding free energy (Δ*G*) can be represented as: where Δ*E~ele~* and Δ*E~vdw~* are the contributions from the electrostatic and van der Waals interactions in gas phase, respectively, which are calculated by using molecular mechanics. The term Δ*G~pol~* represents the polar solvation free energy, and computed by using the mm-pbsa program in Amber. The term Δ*G~nonpol~* is the non-polar solvation energy, and can be obtained by using the experiential equation Δ*G~nonpol~* = γ × (*SAS*) + β, in which the values of γ and β were set to 0.00542 kcal·mol^−1^·Å^−2^ and 0.92 kcal·mol^−1^, respectively[@b50]. The contribution of entropy (−*T*Δ*S*) to the binding free energy arises from changes in the translational, rotational and vibrational degrees of freedom, and calculated by using classical statistical thermodynamics and normal-mode analysis[@b75].
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![Molecular structures of inhibitors, PR1 and PR2.\
(A) Darunavir(DRV), (B) superimposed structures of PR1 (violet) and PR2 (cyans) in a cartoon diagram, (C) Amprenavir (APV), (D) superimposed structures of the inhibitor-PR1 (violext) and inhibitor-PR2 (cyans) complexes in a cartoon diagram. DRV, APV and key residues are shown in sticks.](srep06872-f1){#f1}

![RMSD and RMSF values for PR1 and PR2.\
(A) the root-mean-square deviations (RMSD) of the backbone atoms relative to the corresponding crystal structures as function of time, (B) the root-mean-square fluctuation (RMSF) of Cα atoms of PR1 and PR2.](srep06872-f2){#f2}

![Cross-correlation matrices of the fluctuations of the coordinates for C~α~ atoms around their mean positions after the equilibrium of MD simulation.\
The extent of correlated motions and anticorrelated motions are color-coded. (A) DRV-PR1, (B) APV-PR1, (C) DRV-PR2 and (D) APV-PR2.](srep06872-f3){#f3}

![Comparison of the eigenvalues plotted against the corresponding eigenvector indices obtained from the C~α~ covariance matrix conducted from the equilibrium phase of MD simulations.](srep06872-f4){#f4}

![Collective motions corresponding to PC1 obtained by performing principal component analysis on MD simulation trajectory after the equilibrium.\
(A) the DRV-PR1 complex, (B) the APV-PR1 complex, (C) the DRV-PR2 complex, (D) the APV-PR2 complex.](srep06872-f5){#f5}

![(A) Histogram distribution of Ile50-Ile50′ distance, (B) histogram distribution of Ile50-Asp25 distance, (C) histogram distribution of Ile50′-Asp25′, (D) histogram distribution of Gly49-Ile50-Gly51 TriC~α~ angles.](srep06872-f6){#f6}

![(A) Difference between the van der Waals interaction of DRV with each residue in PR2 and in PR1, (B) Difference between the van der Waals interaction of APV with each residue in PR2 and in PR1.](srep06872-f7){#f7}

![Comparison of PR1 and PR2 interactions with DRV.\
The structure is colored by atom type, the groups of DRV are shown in ball and stick mode, and the residues shown in stick mode. (A)--(D) represent the interactions between the hydrophobic groups of DRV and key residues of PR1, (E)--(H) show the interactions between the hydrophobic groups of DRV and key residues of PR2.](srep06872-f8){#f8}

![Comparison of PR1 and PR2 interactions with APV.\
The structure is colored by atom type, the groups of APV are shown in ball and stick mode, and the residues shown in stick mode. (A)--(D) represent the interactions between the hydrophobic groups of APPV and key residues of PR1, (E)--(H) show the interactions between the hydrophobic groups of APV and key residues of PR2.](srep06872-f9){#f9}

###### Energy analysis for inhibitor-PR1/PR2 binding as obtained by MM-PBSA method

  [a](#t1-fn1){ref-type="fn"}Energy(kcal·mol^−1^)      DRV-PR1       DRV-PR2       APV-PR1       APV-PR2
  ------------------------------------------------- ------------- ------------- ------------- -------------
  ΔE~ele~                                            −45.1 ± 0.3   −38.8 ± 0.2   −39.5 ± 0.3   −40.1 ± 0.2
  ΔE~vdw~                                            −65.9 ± 0.1   −63.8 ± 0.1   −63.3 ± 0.1   −57.6 ± 0.1
  ΔG~pol~                                            74.3 ± 0.4    68.2 ± 0.5    68.6 ± 0.5    66.8 ± 0.4
  ΔG~nopol~                                          −6.9 ± 0.01   −7.0 ± 0.01   −6.9 ± 0.01   −6.8 ± 0.01
  [b](#t1-fn2){ref-type="fn"}ΔG~ele+pol~             29.2 ± 0.3    29.4 ± 0.3    27.1 ± 0.3    26.7 ± 0.2
  −TΔS                                               27.8 ± 0.3    26.8 ± 0.3    26.9 ± 0.2    25.2 ± 0.3
  [c](#t1-fn3){ref-type="fn"}ΔG~bind~                   −15.8         −14.6         −14.2         −12.5
  [d](#t1-fn4){ref-type="fn"}ΔG^exp^                    −15.1         −13.4         −13.2         −11.6

^a^Errors in parentheses represent standard errors of mean:

^b^ΔG~ele+pol~ = ΔE~ele~ + ΔG~pol~.

^c^ΔG~bind~ = ΔE~ele~ + ΔE~vdw~ + ΔG~pol~ + ΔG~nopol~ − TΔS.

^d^The experimental values were derived from the experimental *k~i~* values in Reference using the equation ΔG^exp^ = −*RT*ln*k~i~*.

###### Main hydrogen bond interactions involving three mutations in PR1/PR2

  Hydrogen bonds[a](#t2-fn1){ref-type="fn"}         occupancy[b](#t2-fn2){ref-type="fn"}                
  ------------------------------------------- ------------------------------------------- ------ ------ ------
  Leu23N-H...Asn83O                                              99.9                      92.1   99.6   92.3
  Glu34N-H...Asn83OD1                                            99.7                      90.4   99.9   90.6
  Gly86N-H...Thr31OG1                                            90.9                       0     92.8   72.5
  Thr31N-H...Asn88OD1                                            84.9                      13.5   87.2   41.3
  Gly52N-H...Gly49O                                              84.5                      16.3   86.8   35.7
  Gly52N-H...Ile50O                                              82.1                      24.4   73.4   25.1
  Gly49′N-H...Ile50O                                             21.5                      68.6   19.6   45.7

^a^The hydrogen bonds are determined by the acceptor...donor distance of \<3.5 Å and acceptor...H-donor angle of \>120°.

^b^Occupancy is defined as the percentage of simulation time that a specific hydrogen bond exists, the hydrogen bonds occurring less than 10% of the simulation are not shown.

###### Main hydrogen bond interactions between inhibitors and PR1/PR2

  Hydrogen bonds         Occupancy                
  ---------------- ---------------- ------ ------ ------
  Asp25OD2               100         27.2   99.3   90.6
  Asp25OD1                0          63.3   43.2   30.7
  Asp30′N-H              90.6        22.4   73.4   60.3
  Asp25OD2-HD2            0           0      93     90
  Asp30′O                89.3        58.6   41.2   45.6
  Asp29N-H               84.2        15.7   43.6   31.4
  Gly27′O                 0           0     40.5   32.3

^a^The residues formed hydrogen bonds with inhibitors are listed.
